Introduction
The large pine weevil, Hylobius abietis (L.), is the most serious pest of reforestation in Europe costing the forestry sector millions the only two species of nematode that have been commonly and repeatedly applied in such field trials: S. carpocapsae and H. downesi. The advantages of focusing on these species is that S. carpocapsae is the species widely used at an operational level, but H. downesi has shown the best results to date (Dillon et al., 2006 (Dillon et al., , 2007 and the two species represent two different foraging strategies, namely that of an 'ambusher' and that of a 'cruiser', respectively. Specifically we sought to investigate the importance of tree species and soil type on nematode efficacy, and whether the levels of control achieved were related to the size of the host population (density dependent).
Materials and methods
We collated data from published field studies which used EPN as biopesticides to control the large pine weevil in Britain and Ireland (Table 1 ) and also included our own unpublished data. We contacted workers of published studies to request unpublished data and have also included unpublished data from Evans et al. (Table 1 ). In total 28 trials were analysed in this meta-analysis (Table 1). Exact locations of study sites and methods can be found in the relevant papers cited in Table 1 . Locations (latitude and longitude), altitude and year of application of our twelve previously unpublished trials are presented in Appendix A. The following description of methods relates only to our previously unpublished data, but similar methods were used in the published studies of Table 1 .
Nematode application
In July 2007, S. carpocapsae was applied to approximately 150 ha (5 sites) of forests in the estate of Coillte, the Irish stateowned forestry company. All of these trials involved a single tree species except Lackenrea, which included both Lodgepole pine (Pinus contorta Douglas) and Sitka spruce (Picea sitchensis [Bong.] Carr.) stumps. Each tree species was treated as a separate trial in this case. In each trial, the majority of the stumps were treated with S. carpocapsae by pressure hose from a tank mixer mounted on a modified forwarder at an average rate of 3.5 million nematodes per stump, which is the standard operational protocol. A small number of stumps received H. downesi (5 trials) or were left untreated (all trials). H. downesi was applied by hand as a subsurface drench at the same rate as S. carpocapsae, using the same methods as Dillon et al. (2006) . Also in July 2007 both nematode species were applied by hand at a sixth site (Knockeen). In June 2008 S. carpocapsae was applied by pressure hose to three further sites with untreated stumps left as controls. In June of 2010 and 2011, stumps at two additional sites (Summerhill and Kilduff) were treated with S. carpocapsae by hand using a sub-surface drench giving a total of twelve trials on eleven sites (Appendix A). Steinernema carpocapsae was supplied by Becker Underwood whereas H. downesi strain K122 was mass reared in wax moths according to the methods of Dillon et al. (2006) .
Assessment methods and experimental design
Stumps were either destructively sampled 3-4 weeks after nematode application or covered with insect traps designed to catch emerging adults using a modified design based on Owen (1989) . Untreated (control) and nematode-treated stumps were arranged in a randomized block design with one stump of each treatment per block. There were 10-20 blocks for each assessment method at each site (Appendix A).
Destructive sampling to assess percentage parasitism
Destructive sampling, by removing bark with a chisel and recording the number of weevils parasitized, followed the methods of Dillon et al. (2006) with the modification that entire Sitka spruce stumps were destructively sampled and only one quarter of the Lodgepole pine stumps were sampled in this way. To allow comparison between tree species, values for the Lodgepole pine stumps were multiplied by four throughout.
Emergence trapping
Insect emergence traps were erected within one week of nematode application, except on The Rodneys where traps were not erected until 4 weeks after application in order to facilitate replanting. Traps were emptied every 2 weeks until the end of October or early November, by which time no more weevils were emerging. At each assessment date, trapped adult H. abietis were removed and counted.
Statistical analysis
General linear models (GLMs) were constructed for each entomopathogenic nematode species separately. Percentage parasitism or percentage reduction in emergence was coded as a response variable, where:
Percentage parasitism ¼ ðNI=TNÞ Â 100: NI = number of individuals infected with nematodes; TN = total number of individuals collected and Percentage reduction in emergence ¼ ð½E cont: À E treat=E cont:Þ Â 100: E cont. = mean number of weevils emerging per control stump; E treat = mean number of weevils emerging per nematode-treated stump. n/a n/a n/a Drumcor Co. Cavan 2008 Spruce Min n/a 1.9 63.2 n/a n/a n/a Knockeen Co. Waterford, Ire.
2007
Spruce Peat n/a 0.5 42.9 85.7 n/a n/a Glennakeel Co. Cork 2008 Spruce Peat n/a 0.75 0 n/a n/a n/a Ae Forest trial 1 e Dumfriesshire, Sco.
1997
Spruce Peat n/a n/a n/a n/a 18.3 n/a Ae Forest trial 2 e Dumfriesshire, Sco.
1997 Spruce Peat n/a n/a n/a n/a 5.2 n/a In the GLMs, tree species (Sitka spruce versus Lodgepole pine) and substrate (peat versus mineral) were coded as fixed factors and mean number of pine weevils per stump was coded as a covariate. Sites with over 40 cm of deep peat were considered to be peaty sites whereas those with minimal peat cover or small pockets of peat over mineral soils were considered to be mineral soils. The peaty sites were 100% organic matter whereas mineral sites had variable proportions of sand, silt and clay. Ireland's semi-state forestry company, Coillte, record site substrates as either peaty or mineral on their database, by the same criteria. Where possible, first order interactions were included in the initial model. After considering the most complete model possible, variables were sequentially removed according to their P values until a parsimonious model with good performance, assessed by changes in the model significance and the adjusted r squared value, was attained.
Models were constructed for both 'site-level' and 'stump-level' data; the former with sites as replicates and the latter with stumps as replicates. Stump-level analyses could be considered pseudoreplicated data (Hurlbert, 1984) , but we include these models as they highlight that variables that are important at a site-level are also important at a stump-level. For all stump-level data, the effect of 'site' is highly significant with respect to both numbers of weevils in stumps and percentage parasitism, for both the S. carpocapsae and the H. downesi data-sets (P < 0.001 in all cases).
Standardized residuals of the General Linear Models constructed were not significantly different from normal distributions (K-S test P > 0.05) in all cases 2 , except the stump-level data-set for S. carpocapsae-treated stumps 3 . For this reason these data were transformed using a Log 10 (value +1) transformation.
Pearson's and Spearman rank correlations were performed on percentage parasitism versus number of pine weevil in the stump for each site for which data were available, i.e. studies for which we had stump-level data, and on the data-set as a whole.
All statistical analyses were performed on SPSS version 19 (SPSS, 2011).
Results

Numbers of Weevils emerging from untreated stumps
The total number of pine weevils emerging per untreated (control) stump was significantly affected by tree species, but not substrate, with more weevils emerging from pine compared to spruce. A two way ANOVA with gave a significant effect of tree species (P = 0.022), but not substrate (P = 0.410) or the tree species Â substrate interaction (P = 0.287) (Fig. 1) .
Comparison of nematode species
On sites where both nematode species were applied, H. downesi was a more successful control agent than S. carpocapsae, as measured by both methods of efficacy (paired T-test, paired by site, percentage reduction: T = 6.262, d.f. = 13, P [2 tailed] < 0.001; percentage parasitism: T = 7.008, d.f. = 12, P [2 tailed] < 0.001). The mean percentage reduction in emergence was 44.9% for S. carpocapsae-treated stumps compared with 70.4% for H. downesi-treated stumps. Percentage parasitism was 26.0% and 44.3% for S. carpocapsae-treated and H. downesi-treated stumps, respectively. The same trend is also seen for all sites, and also whether one considers peat or mineral sites separately (Table 1) .
Factors affecting the efficacy of entompathogenic nematode species
In three of the six GLMs in Table 2 the most significant variable is substrate while in a fourth model, this variable approached significance. The lowest P value for variables in the site-level percentage parasitism GLM for S. carpocapsae is also substrate. The only model in which another variable was significant is the site-level percentage parasitism GLM for S. carpocapsae, in which the tree species Â substrate interaction was significant. However this model was itself not significant and had a low adjusted R 2 value compared to the other model. The other models explain much of the variation in the measures of efficacy, with adjusted R 2 values ranging from 0.562 to 0.961, and four out of the six models explain over 75% of the variation in the measures of efficacy. Mean percentage reduction in emergence was 41.0% and 49.5% on mineral and peat soils, respectively, for S. carpocapsae-treated sites and 59.0% (mineral) and 81.7% (peat) for H. downesi-treated sites (Fig. 2a) . The mean percentage parasitism of weevils 3-4 weeks after application on S. carpocapsae-treated sites was 19.2% (mineral) and 32.3% (peat) and on H. downesi-treated sites was 32.5% (mineral) and 58.1% (peat) (Fig. 2b) . The density of pine weevil per stump was not a significant predictor of nematode efficacy in any of the models at either a site-level or a stump-level. However, in order to further investigate if there were correlations between these variables at a stump-level within each site, both Pearson's and Spearman Rank correlations were performed on percentage parasitism versus the number of pine weevil individuals in each stump for each site separately. For the S. carpocapsae-treated stumps, of the 15 trials for which we had stump-level data, only two trials gave a significant correlation between these variables: Ballyroan trial 2 (Spearman rank correlation coefficient = À0.644, P = 0.044) and Lackenrea trial 2 (Pearson's correlation coefficient = 0.565, P = 0.015; Spearman Rank correlation coefficient 0.612, P = 0.007). The most conservative Bonferroni correction would result in non-significant P values for all correlations, although the Spearman Rank correlation of Lackenrea trial 2 was only marginally non-significant after the correction (P = 0.105). In the equivalent data-set for H. downesi-treated stumps, none of the 13 trials gave a significant correlation between percentage parasitism and host density. Given the low number of sites with significant correlations and the fact that in one case there was a positive correlation and a negative correlation in the other, host density does not appear to influence the efficacy of the two entomopathogenic nematodes in the present study. 2 K-S test results: S. carpocapsae, site-level, % reduction data-set P = 0.985 N = 24; S. carpocapsae, site-level, % parasitism data-set P = 0.277 N = 19; H. downesi site-level, % reduction data-set P = 0.826 N = 14; H. downesi site-level, % parasitism data-set P = 0.963 N = 13; H. downesi stump-level, % parasitism data-set P = 0.759 N = 160.
3 S. carpocapsae stump-level, % parasitism data-set P = 0.029 N = 177.
When all of the stump-level data were pooled there were highly significant correlations between percentage parasitism and weevil density per stump in both S. carpocapsae-treated stumps (R 2 = 0.261 P < 0.001, N = 177) and H. downesi-treated stumps (R 2 = 0.302, P < 0.001, N = 160). However, when the different substrates are considered separately, correlations are no longer significant (S. carpocapsae on peat R 2 = À0.171, P = 0.118, N = 85; S.
carpocapsae on mineral R 2 = À0.052, P = 0.624, N = 92; H. downesi on peat R 2 = À0.021, P = 0.868, N = 67; H. downesi on mineral R 2 = À0.166, P = 0.112, N = 93). These results, in Fig. 3 , highlight the importance of considering substrate type to avoid spurious correlations between host density and percentage parasitism.
Discussion
Our analysis clearly shows that H. downesi is a more effective control agent of H. abietis than is S. carpocapsae. Although in the present study all H. downesi were reared in vivo unlike S. carpocapsae, previous studies (Foster, Dillon and Griffin, unpublished) show that H. downesi can be as effective when reared on a trial basis by a commercial nematode-producing company. Our analysis shows that two species of EPN that typically exhibit different foraging strategies, S. carpocapsae and H. downesi, both show greater efficacy in clear-felled forests on organic soils than on mineral soils. It is likely that organic soils facilitate the active or passive movement of nematodes through the medium and into the stump or promote the post-application survival of nematodes.
There has been a small body of work comparing the efficacy of EPN in organic and mineral soils (Choo and Kaya, 1991; Koppenhö-fer and Fuzy, 2006; Kruitbos et al., 2010) , though there still remain significant gaps in knowledge on this subject. Oetting and Latimer (1991) found high infectivity of S. carpocapsae for Galleria mellonella (L.) in various organic potting media, but they did not compare between potting media and mineral soils. Choo and Kaya (1991) studied the effects of soil texture and roots on host finding by Heterorhabditis bacteriophora Poinar and observed higher infectivity in highly organic soils compared to sand, loam and clay soils. Koppenhöfer and Fuzy (2006) studied the effect of soil type on establishment and efficacy of four EPN species with variable results -a potting mix with high organic content was a poor medium for Steinernema scarabaei Stock and Koppenhöfer, but was the best medium for H. bacteriophora and Heterorhabditis zealandica Poinar, and was intermediate for Steinernema glaseri Steiner.
Organic soils tend to have a higher porosity and are less finely textured than mineral soils, but these variables have been shown to have different effects on nematodes in different study systems with finely textured soil promoting (Georgis and Gaugler, 1991; Shapiro et al., 2000; Koppenhöfer and Fuzy, 2006) or inhibiting (Georgis and Poinar, 1983; Molyneux and Bedding, 1984; Kung et al., 1990a; Koppenhöfer and Fuzy, 2006 ) the efficacy of both EPN genera. Bulk density has been shown to significantly affect EPN survival in experiments (Portillo-Aguilar et al., 1999) and competitive interactions in naturally co-occurring EPN species (Gruner et al., 2007) . In peaty soils small un-degraded fibrous roots tend to persist to a greater depth in the rhizosphere than in mineral soils (Foth, 1978; Pitty, 1979) . Ennis et al. (2010) showed that roots can effectively act as routeways for the movement of S. carpocapsae IJs, so these small roots could contribute to the passage of EPN into the soil profile.
Soil moisture affects EPN survival, active movement and infectivity (Grant and Villani, 2003; Koppenhöfer et al., 1995; Kung and Gaulgler, 1991) . Preisser and Strong (2004) have demonstrated the importance of soil moisture to the efficacy of natural EPN populations. Soil moisture is higher in clear-felled forests on peaty soils than on mineral equivalents (Paavilainen and Päivänen, 1995) . As well as effects on active movement, IJs may also be passively carried downwards during application or by subsequent rainfall. For the passive movement of nematodes through the soil, effects of soil physical properties (porosity, texture etc.) and moisture regimes on IJs are likely to result in complex biophysical interactions, which are difficult to predict.
Another difference between mineral and peaty soils is pH, with peaty soils being generally more acidic (Welsch et al., 1995) , ranging from pH 4.2 to 4.7 (Butterfield, 1999) . However, some granitederived mineral soils (e.g. schist-based soils) may be quite acidic and flushes and lags in some peatlands can be basic. There was no significant effect of pH in the range 4-8 on the pathogenicity of S. carpocapsae (Kung et al., 1990b) and so pH may not be a critical factor in the present study. Kruitbos et al. (2010) showed that S. carpocapsae showed taxis towards a host in peat, but not in sand and also outcompeted Heterorhabditis megidis Poinar, Jackson and Klein in peat, but not in sand. Kruitbos et al. (2010) and Wilson et al. (2012) suggest that S. carpocapsae is a specialist of organic media rather than an 'ambusher' and used peat mescosms to test their hypothesis. However, it is worth noting that H. megidis always infected the deepest buried hosts in both sand and peat mesocosms, whereas S. carpocapsae infected none of the deepest-buried hosts (Kruitbos et al., 2010) . Also, naturally occurring S. carpocapsae has been isolated from sandy soils (Alumai et al., 2006) though possibly in the thatch layer. Campbell et al. (1996) isolated 50% of S. carpocapsae in the thatch layer and, by implication, 50% below that layer to a depth of 8 cm. To our knowledge, S. carpocapsae has never been isolated from natural populations inhabiting peatland biotopes or other habitats in which an organism specialized at exploiting organic soil habitats might be expected to be found. Our analyses demonstrate that the 'cruiser' H. downesi is significantly more effective than S. carpocapsae on both peat and mineral soils, which is as would be predicted in the ambusher-cruiser paradigm where target organisms are 'cryptic' and rather 'sedentary', a description which is very apt for H. abietis larvae. If S. carpocapsae is a specialist of organic soils it might be expected to be more effective than H. downesi on clearfelled sites on organic soils, especially as both are effective against pine weevil developing stages in close-contact assays (Ennis, 2009; Dillon, unpublished data; Hennessy, unpublished data) , although this was not the case.
Whereas our analysis shows that S. carpocapsae is more effective in controlling pine weevil in stumps on peaty rather than mineral soils, the same is true of H. downesi. The latter has only ever been recovered in very sandy coastal or alluvial soils (Rolston et al., 2005; Griffin et al., 1991 Griffin et al., , 1994 Griffin et al., , 1999 . This suggests that nematodes are most effective in controlling pine weevil larvae in stumps on peaty soils regardless of the species' foraging strategy or the habitat from which they are usually isolated and in which they, presumably, evolved. This may be an example of a case in which the realized ecological niche of a species is quite a restricted sub-set of its fundamental niche and may indeed not be at its theoretical optimum (Hutchinson, 1957) . However, a clear-felled conifer plantation and its usually high weevil populations are a highly artificial ecosystem and would certainly represent a novel ecological niche not available to either species in their evolution. The effects of host density on parasitism are well studied in insect host-parasitoid systems (Stilling, 1987) where approximately 50% of cases show density-dependence, with approximately 25% being positive and 25% negative. However, host detection and infection by EPN IJs is likely to be very different to that of insect parasitoids, which forage over long distances and parasitise multiple hosts. In this study, the efficacy of nematodes at a site is independent of pine weevil density at that site and moreover, the percentage parasitism in a stump is generally independent of number of weevils in that stump. There was a negative association between the density of two species of sciarid hosts on Steinernema feltiae (Filipjev) efficacy Grewal and Richardson, 1993) and between Otiorhynchus ligustici (L.) density and the efficacy of H. bacteriophora (Shields et al., 1999) . Efficacy of Steinernema scapterisci Nguyen and Smart, when controlling mole crickets (Scaptriscus spp.) on golf courses, was positively associated with host density (Parkman et al., 1994) . Most studies of EPN efficacy, however, either do not explicitly test for density dependence or else they report inconsistent trends.
When considering host density effects in EPN it is necessary to distinguish between density dependence in efficacy and density dependence in persistence, the latter of which involves recycling in hosts and so might be more likely. Harvey (2010) noted an effect of weevil density on S. carpocapsae populations in the soil around and in the bark of stumps one year after application and suggested that higher weevil density promoted persistence via recycling.
A number of pine weevil management recommendations may be made as a result of the present meta-analysis. Ideally, H. downesi would be exploited instead of S. carpocapsae, but this is dependent on successful mass production of the species at an economically viable price. Our results also suggest that EPN control of pine weevil may be more effective on forestry sites where the soil type is peat. Since weevil numbers are lower in spruce than in pine (von Sydow and Birgersson, 1997; Fig. 1 of present study) and efficacy is independent of host density in this system, it is likely that EPN will be most successful at reducing weevil populations below economic thresholds on sites with spruce stumps. Focusing EPN efforts on large, accessible peaty sites, on which spruce or other tree species less-favoured by weevils were felled, as part of a landscape-level control strategy may help to reduce the meta-population of weevils in an environmentally safe manner. present paper 
